A broadband Kerr frequency comb with a high repetition rate in the range of 10 GHz to 1 THz can be generated by cascaded four-wave mixing (FWM) when a continuous-wave (CW) pump is coupled into a high-quality-factor (Q-factor) microresonator [1] . Kerr combs, which are capable of covering multiple telecommunication bands including C and L bands, can potentially replace multiple individual lasers in a wavelength-division multiplexing (WDM) system and enable high-quality data transmission [2, 3] .
By changing the pump conditions, several dynamical regimes, including Turing patterns, chaos, breathing solitons, and stable solitons, have been found both theoretically and experimentally [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Turing patterns, which result from the modulation instability (MI) of a pump [14] , are also referred to as primary combs in the frequency domain. They are of interest because of their potential high coherence and robustness to external perturbations [15] [16] [17] . As an example, such high coherence can enable a high capacity of 144 Gbit∕s for a single primary comb line [16] .
Nonetheless, a limited number of primary comb lines may restrict the number of multiplexed channels in the WDM system, as have been demonstrated using low-phase-noise combs [2, 3] . A goal, therefore, is to identify an effective method of increasing the number of high-coherence frequency lines in the primary comb state. This may possibly be achieved with the use of two pumps that enables nondegenerate FWM [18] [19] [20] [21] [22] . This approach could also serve as another route to multichannel communications.
In this Letter, we experimentally demonstrate the generation of high-coherence primary combs with multiple sub-lines by using dual pumps in a Si 3 N 4 microresonator. Compared with employing a single pump, which generates only one comb line within the MI gain spectrum, using dual pumps enables the generation of more than 10 highly coherent comb lines within the same localized spectrum. The RF spectrum of the beat note from these Kerr combs and the linewidth measurement demonstrate the high coherence of the combs. We also conduct a coherent communication experiment, wherein 10 selected comb lines are encoded with 20 Gbaud quadrature phaseshift-keyed (QPSK) signals. Figure 1 (a) illustrates the generation of the primary combs when the two pumps are in resonance. The optical frequency comb is initiated by the MI, in which the gain spectrum overlaps with at least one resonance. Two MI gain spectra are symmetrically located with respect to pump frequency. First, two main comb lines are produced within the left/right MI gain spectrum because of energy transfer from two pump modes. Then, more adjacent sub-lines are generated because of nondegenerate FWM with the two main lines, which is a thresholdless process [19] . Some lines around the two pumps can also be generated given nondegenerate FWM with the two pumps. Thus, the primary comb generation, for which dual pumps are used, differs from single-pump generation, wherein normally only one line is produced in the MI gain spectrum. High-bit-rate optical communication systems perform through the use of phase encoding and coherent receivers. These systems also use narrow-linewidth coherent sources in their transmitters. Therefore, a practical and informative approach to assess the coherence of resultant primary combs is to study their adequacy as sources in a coherent optical communication system. To this end, we select individual comb lines by using a tunable optical filter, which is subsequently amplified and encoded with a 20 Gbaud QPSK modulated data stream. Finally, the data is processed by a coherent receiver, which analyzes its quality on the basis of constellation diagrams and corresponding error vector magnitudes (EVMs). Figure 2 (a) also shows the experimentally obtained optical spectrum of the primary lines generated by the dual pumps. For comparison, a primary comb generated by a single pump is also displayed with the same pump power input [ Fig. 2(b) ]. The first sideband, which depends on the pump power and the resonator features [23] , is located 44 free spectral ranges (FSRs; FSR ≈72 GHz) away from the single pump. The spectral locations of the primary lines generated by the dual pumps are close to those of the single pump. Many sub-lines are generated by the dual pumps.
Using the Lugiato-Lefever equation (LLE) [24] , we numerically simulate the expected primary comb spectrum. Figure 3 (a) presents the simulated dispersion profile based on waveguide dimensions. The material dispersion, including Si 3 N 4 and SiO 2 , are taken into consideration using Sellmeier equations. The group velocity dispersion, β 2 , is −130 ps 2 ∕km. High-order dispersion terms are also taken into account. The calculated nonlinear coefficient, γ, is 0.87∕W · m. For dual-pump excitation, we assume a total input field of the form E in 1 expjω f t, where ω f is the angular modulation frequency of the intensity modulator, t denotes fast time in the LLE, and E in and E in · expjω f t represent the input fields for two pumps, respectively. The total pump power (P in 2jE in j 2 ) is 800 mW, which corresponds to the estimated power on the chip in the experiment. Figure 3(b) shows the simulation of the primary comb spectrum with the generation of multiple sub-lines. The difference between the simulation and experimental results may be attributed to several factors. One may be that the two pumps are assumed to have the same cavity detuning in the simulation. Another factor is that the simulated dispersion deviates from actual waveguide dispersion when there is a sidewall inclination in the microresonator. Figure 4 (a) provides an expanded view of the spectral section of the primary combs generated by the dual pumps in the 1515-1535 nm range. More than 10 comb lines are generated by the dual pumps, whereas only one line around 1525 nm is produced by the single pump [ Fig. 2(b) ]. This result can be explained as follows. The dual pumps produce two MI-induced spectral lines around 1525 nm, thereby generating, through nondegenerate FWM interaction, a multitude of sub-lines [ Fig. 4(a) ]. The inset of Fig. 4(a) shows the beat note of the comb lines in Region A, which is characterized by a high-speed photodetector. The RF spectrum [resolution bandwidth RBW 30 kHz] with a narrow single peak indicates that these combs are phase locked. Figure 4(b) shows the spectral region from 1540 to 1560 nm, in which the comb lines are generated from nondegenerate FWM between the two pumps. The comb lines generated at longer wavelengths have a higher power than those at shorter wavelengths. This could be ascribed to the different cavity detunings of the two pumps in the experiment. The high noise level in Fig. 4(b) is caused by the preamplifier, which brings the amplified spontaneous emission noise into the high-power EDFA. The low-power line between the two pumps is the central carrier that is inadequately suppressed by the LCoS filter.
Degenerate FWM is a phase-sensitive process when the signal and the idler have the same wavelength [25] . Here, it might be interesting to study the effect of the phase difference between the two closely placed pumps on the generation of primary combs. When the phase of P2 is varied by the LCoS filter, both the spectral structure of the primary comb lines and their power levels remain practically unchanged. Figure 5 indicates that the power of comb line 1 remains almost constant under a varying P2 phase. This result is attributed to the fact that the power conversion mediated by nondegenerate FWM is independent of the phase difference between the two pumps [26] .
We further study the dependence of the primary comb generation on pump power. When the total power decreases from 800 to 300 mW, the primary comb spectrum in Fig. 6(a) remains similar to that in Fig. 3(b) . However, the primary lines around the MI gain spectrum becomes closer to the location of the dual pumps. This is because the reduced pump power causes the peak of the MI gain spectrum to move toward the pumps. When the total pump power is further reduced to 75 mW, the MI threshold is not reached, no energy transfer takes place, and no primary comb lines are generated away from the dual pumps. Nonetheless, sub-lines that originate from the dual pumps are still generated via nondegenerate FWM. These experimental results are verified by numerical simulations, as shown in Figs. 6(b) and 6(d). Note that because the decreased pump power is associated with a change in comb spacing [27] , a necessary requirement is to adjust the modulation frequency of the modulator to ensure that the two pumps are still in resonance. In addition, the slight spacing change between two pumps could vary the cavity detunings of two pumps and the spacing of generated primary lines. Thus, the modulation frequency of the modulator can be used to tune the comb spacing.
To experimentally demonstrate the high coherence of the primary comb lines generated by the dual pumps, we measure the linewidth of each line by the delayed self-heterodyne Fig. 7(a) . The linewidth of the generated primary line is around 10 kHz, which is comparable to that of the two pumps. This indicates that the performance of the generated primary combs depends on that of the two pumps.
To reinforce the demonstration of high coherence, 10 of the generated primary comb lines [labeled 1 to 10, Figs. 4(a) and 4(b) ] are each encoded with 20 Gbaud QPSK signals and demodulated using the coherent receiver. Figure 8(a) shows the EVM of each comb line, indicating the signal quality of each channel. Each line that carries signals can be demodulated with a low bit error rate (BER) and thus demonstrated to have adequately high coherence. Specifically, comb line 3 exhibits the lowest EVM (12.8%), which is attributed to its high optical signal-to-noise ratio (OSNR). Comb line 10 has the highest EVM (27.3%) with a corresponding BER of 8.3 × 10 −4 . It is also observed that although the output power of comb line 7 is higher than that of comb line 3, the signal quality of the former is lower. This is because the noise level of comb line 7 is much higher than that of comb line 3, which decreases the OSNR and deteriorates the signal quality. 
